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ABSTRACT
Accretion discs in AGN may be associated with coronal gas, as suggested by their
X-ray emission. Stellar coronal emission includes radio emission, and AGN corona
may also be a significant source for radio emission in radio quiet (RQ) AGN. We
calculate the coronal properties required to produce the observed radio emission in
RQ AGN, either from synchrotron emission of power-law (PL) electrons, or from
cyclo-synchrotron emission of hot mildly-relativistic thermal electrons. We find that
a flat spectrum, as observed in about half of RQ AGN, can be produced by corona
with a disc or a spherical configuration, which extends from the innermost regions out
to a pc scale. A spectral break to an optically thin power-law emission is expected
around 300-1000 GHz, as the innermost corona becomes optically thin. In case of
thermal electrons, a sharp spectral cutoff is expected above the break. The position
of the break can be measured with VLBI observations, which exclude the cold dust
emission, and it can be used to probe the properties of the innermost corona. Assuming
equipartition of the coronal thermal energy density, the PL electrons energy density,
and the magnetic field, we find that the energy density in a disc corona should scale
as ∼ R−1.3, to get a flat spectrum. In the spherical case the energy density scales
as ∼ R−2, and is ∼ 4 × 10−4 of the AGN radiation energy density. In paper II we
derive additional constraints on the coronal parameters from the Gudel-Benz relation,
Lradio/LX−ray ∼ 10
−5, which RQ AGN follow.
Key words: galaxies: active – quasars: absorption lines – quasars: general.
1 INTRODUCTION
What is the origin of the radio emission in Radio Quiet
(RQ) AGN? In Radio Loud (RL) AGN the radio emis-
sion is often spatially resolved with a jet like structure,
which on milli-arcsec (hereafter mas) scales often shows su-
per luminal motion indicative of bulk relativistic motion.
In radio quiet AGN (Kellermann et al. 1989; Miller et al.
1993), a significant fraction of the radio emission is
often unresolved (Kellermann et al. 1994; Kukula et al.
1998; Leipski et al. 2006; Zuther et al. 2012), even on
pc scale (Blundell & Beasley 1998; Caccianiga et al. 2001;
Ulvestad et. al 2005a; Doi et al. 2013; Panessa & Giroletti
2013). The observed spectral slopes are often flat, or
even inverted (Barvainis et al. 1996; Kukula et al. 1998;
Barvainis et. al 2005; Ulvestad et. al 2005a; Behar et al.
2015), which indicates the emission is not just optically thin
synchrotron emission, but rather includes some contribution
from a compact optically thick source, which can produce a
flat or inverted spectrum.
∗ E-mail: raginski.igor@gmail.com
Some of the radio emission in RQ AGN may
be produced by starburst activity in the host galaxy
(Padovani et al. 2011; Condon et al. 2013), however the
bulk of the radio emission likely originates in the
AGN activity (White et al. 2015; Zakamska et al. 2016).
The radio emission may be spatially extended if it
originates in an AGN driven wind which shocks the
host galaxy gas (Gallimore et al. 2006; Jiang et al. 2010;
Ishibashi & Courvoisier 2011; Zakamska & Greene 2014;
Nims et. al 2015). The radio may also originate from a
scaled down compact jet emission, where the typical jet
power is 103 smaller than in RL AGN (Falcke et al. 1995;
Wilson & Colbert 1995). Observations of nearby RQ Seyfert
galaxies resolve the emission (Giroletti & Panessa 2009;
Doi et al. 2013), and show sub relativistic motion on pc
scale (Middelberg et al. 2004; Ulvestad et al. 2005b). Indi-
cations for a compact pc scale source size are also given
by variability (Wrobel 2000; Anderson & Ulvestad 2005;
Barvainis et. al 2005; Mundell et al. 2009).
Laor & Behar (2008, hereafter LB08), noted that RQ
AGN follow the Gudel-Benz relation, where LR/LX = 10
−5,
which coronally active stars follow. Since the X-ray emis-
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sion in RQ AGN may originate in a corona above the ac-
cretion disc, it is natural to assume that the radio emission
in RQ AGN may also originate in the corona, as it does
in coronally active stars. Although the physical mechanism
which leads to the Gudel-Benz relation is not understood
yet, and the luminosities associated with AGN and coro-
nally active stars deviate by about 13 orders of magnitude
(1031 vs. 1044 erg s−1), the local coronal conditions may
be similar (effective temperature, large rotational shear, lo-
cal densities, see discussion in Gudel 2002). So, it is plausi-
ble to expect that similar mechanisms operate in both sys-
tems. The maximal possible synchrotron surface emissivity
(i.e. brightness temperature) implies that the minimal size
of the GHz emission region is on parsec scales (e.g. LB08,
eq.22 there), as also suggested by the observed variability
(Barvainis et. al 2005). Relativistic electrons may reach this
radius through the equivalent of Coronal Mass Ejections
(CME) observed in coronally active stars, i.e. magnetized
plasma ejected from the innermost accretion disc. Alterna-
tively, the electrons may reside in a corona which forms a
thin layer above an accretion disc, which extends out to pc
scale. Although the disc on pc scale must be cold, it may still
have a surface corona, as also seen in cool M stars which are
sometimes coronally active (Gudel 2002).
Synchrotron emission on pc scale, or smaller, may also
be produced by a scaled down, low power, jet emission. The
difference between a CME and jetted emission is more on
the descriptive level, where CME is likely to be poorly col-
limated and form a sub relativistic outflow, while the term
jet is used for a collimated relativistic outflow. Some rela-
tivistic jet models in RL AGN invoke a disc corona as the
base of the jet (Merloni & Fabian 2002), and in RQ AGN
the subsequent acceleration may be missing.
Interestingly, high resolution pc scale imaging of
NGC 1068 reveal radio emission aligned with the central ob-
scuring torus (Gallimore et al. 1997, 2004), which provides
support for the coronal disc emission scenario for the pc
scale radio emission. However, such a pc scale radio emit-
ting corona is clearly not the dominant source of the X-ray
emission in unobscured AGN, given the observed X-ray vari-
ability on time scales of days or shorter. The observed X-
ray emission must come from the innermost accreting region,
possibly from an X-ray emitting corona above the innermost
disc at a few gravitational radii. Given the maximal intensity
of synchrotron emission, the radio emitting corona should be
∼ 100 times larger than the X-ray emitting corona. However,
since the minimal size of the synchrotron emission region
scales as ν−1 (LB08), the radio emission at a few hundred
GHz can come directly from the X-ray corona (Inoue & Doi
2014).
VLBI observations (Blundell & Beasley 1998;
Caccianiga et al. 2001; Ulvestad et. al 2005a) yield lower
limits on the brightness temperature of TB > 10
8 − 109 K.
Although the synchrotron emission is commonly assumed
to originate in relativistic electrons with a power-law
energy distribution, this limit on TB is also consistent
with synchrotron emission of thermal electrons in the radio
corona, for a corona temperature of T ∼ 5 × 109 K, as
measured for the X-ray corona (Fabian et al. 2015).
The purpose of this paper is to calculate the possible
range of the radio emission signatures of coronal synchrotron
models. These predictions can be used to explore the valid-
ity of the coronal emission scenario, and to possibly probe
the physical parameters of the corona. In section 2 we de-
scribe the theoretical background, in section 3 the numerical
solution scheme, in section 4 we provide useful analytic so-
lution, and in section 5 we present the numerical solution.
The discussion is given in section 6, and the conclusions are
summarized in section 7. In paper II (Raginski & Laor, in
preparation) we calculate the implied X-ray emission of the
coronal models used here, and discuss the additional con-
straints provided by the X-ray observations.
2 THE THEORETICAL BACKGROUND
Electrons accelerate and radiate radio emission either when
they pass near charged particle, or when they propagate in a
magnetic field. In the earlier case, the free-free spectral slope
η = dlogFν/dlogν is ∼ −0.1 from the radio to hν ∼ kT .
The thermal free-free emission is not viable in objects with
a power-law emission with a steeper of a flatter η. Free-free
emission of T > 107 K gas is also excluded as it over pre-
dicts the observed X-ray luminosity (e.g. LB08, section 3.6.1
there). Free-free is a viable mechanism if the gas is cooler
than 107K, but this is generally ruled out by the VLBI limits
of TB > 10
8−109 K on the core emission. Thus, electrons in a
magnetic field is the only generally viable mechanism. Below
we briefly review the emission of relativistic electrons with a
power-law (PL) energy distribution (synchrotron emission),
thermal electrons (cyclotron emission), or mildly relativis-
tic thermal electrons (cyclo-synchrotron emission, hereafter
thermal synchrotron emission). We provide expressions for
the emission, absorption, and radiation transfer used to de-
rive the observed emission.
2.1 The synchrotron emission and absorption for
thermal and PL electrons
An electron in a magnetic field B gyrates around the field
lines at a frequency
ω0 =
eB
γmec
≡ ωB
γ
, (1)
where e is the electron charge, me is the mass of the elec-
tron, γ = 1√
1−β2
is the Lorentz factor, and β = v
c
, where
v is the velocity of the electron. Non relativistic electrons
(β ≪ 1) radiate cyclotron emission at ωB. For mildly rela-
tivistic electrons (γ ≈ 1), additional harmonics appear and
the emitted spectrum becomes polychromatic with a few ad-
ditional lines at higher harmonics. As the electrons become
more relativistic (γ ≫ 1 ), higher harmonics appear. The
width of each line becomes wider with increasing harmonic
number, and finally for high enough value of γ and harmonic
number s, adjacent harmonics merge and a continuous spec-
trum is generated.
The resonant frequencies occur at (Zheleznyakov 1970).
ωs =
sω0
(1− β|| cosα) , (2)
where β|| is the projection of β on the direction of the mag-
netic field, and α is the angle between the magnetic field
and the observer. The pitch angle θp is the angle between
c© 2015 RAS, MNRAS 000, 1–??
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the direction of motion of the electron and the magnetic
field, which gives
β|| = β cos(θp)
β⊥ = β sin(θp) .
(3)
Equation 2 is correct when the refraction index of the
medium is unity, which is a good approximation for AGN
coronae, as the frequencies of interest are well above the
gyration and Langmuir frequencies (∼ 300MHz for typical
condition assumed). We have verified this numerically by
solving for the emission spectrum including the corona re-
fractive index.
We used Zheleznyakov (1970, eqs. 26 & 35 there)
for the emitted energy per harmonic number per solid
angle (erg sec−1 strd−1). The specific emission power
(erg sec−1 strd−1 frequency−1) for a unity refraction index
is (Mahadevan et. al 1996)
dǫ
dtdΩdω
=
∞∑
s
e2ω2[β2⊥J
′2
s (ξ) + (
cosα−β||
sinα
)2J2s (ξ)]
2πc
× δ[sω0 − ω(1− β|| cosα)], (4)
where ω is the continuum angular frequency, Js is a Bessel
function of order s, J ′s is the first derivative of the Bessel
function of order s, and ξ is
ξ =
ωβ⊥ sinα
ω0
. (5)
Equation 4 provides the emission spectrum of a single elec-
tron, with kinetic energy of (γ − 1)mc2, propagating at a
pitch angle of θp to the magnetic field. In order to get an
expression for the emission per unit frequency per unit vol-
ume, i.e. the emission coefficient P (ω), we need to multi-
ply eq.4 by nγθp , the number of electrons with velocities in
the range of [γ, γ + dγ] and a pitch angle in the range of
[θp, θp + dθp], and integrate over γ. We then integrate over
θp, and α, by assuming a uniform distribution in both an-
gles, i.e. a random distribution of both the electron velocities
and the magnetic field line directions in a given volume,
P (ω) =
∫
α
∫
γ
∫
θp
psingle(γ, ω, θp)nγθpdγdθp
× 2π sinαdα (6)
in units of erg sec−1 cm−3 Hz−1, where psingle(γ,ω, θp) =
dǫ
dtdΩdω
is the emission of a single electron. In the next sec-
tions we will use
psingle(γ, ν, θp) = 2πpsingle(γ, ω, θp) (7)
and
P (ν) = 2πP (ω). (8)
An expression for the absorption coefficient is given by
Rybicki & Lightman (2004, hereafter RL04, eq. 6.50 there).
We modify the equation to include the dependence on pitch
angle θp, which gives
αν = −
∫
dθp
c2
8πν2
∫
dE×psingle(γ, ν, θp)E2 ∂
∂E
(
n (E, θp)
E2
)
,
(9)
where E is the kinetic energy of the electron, and n(E, θp)
is the density of electrons per unit energy per pitch angle.
To calculate the radiative transfer we divide the
medium into m unit volumes (see below the assumed ge-
ometry) of uniform emission and absorption coefficients, say
Pm(ν) and ανm. If a ray with an intensity Im−1 enters this
unit volume, and travels a distance of dm within this volume,
then the intensity of the exiting ray is
Im(ν) = Im−1(ν)e
−ανmdm +
Pm(ν)
4πανm
(
1− e−ανmdm
)
(10)
where the first term represents the absorption of the inci-
dent intensity, and the second one is the contribution of the
emission inside the volume.
2.2 The geometry
2.2.1 Disc Configuration
We assume an optically thick accretion disc which extends
from the innermost stable orbit Rin at
R0 ≡ 3RS , (11)
where RS is the Schwarzschild radius,
RS =
2GMBH
c2
, (12)
(Shakura & Sunyaev, 1973). We use MBH = 10
8M⊙ for the
black hole (BH) mass. For the outer boundary of the disc
we use Rout = 3 pc, which corresponds to 3 × 105RS. The
observed UV spectral energy distribution suggests a maxi-
mal temperature ∼ 5 × 104K (Laor & Davis, 2014), which
commonly implies a thin disc with an inner radius Rin > R0.
Therefore, in section 5.3 we study the effect of a larger Rin
on the radio emission spectrum. We assume a blanket - like
corona that covers the accretion disc, with a uniform thick-
ness of H = 10RS.
The thermal electrons density is assumed to scale with
radius as
N(R) = N0 × ( R
R0
)−q . (13)
We generally assume N0 = 10
9 cm−3, in order to obtain
an optical depth for electron scattering of τes ≈ 0.1 − 0.5
at R ≈ R0, as suggested by the X-ray emission (see paper
II). In section 5.3 we explore the dependence of the radio
spectrum on the value of q.
In addition to the thermal electrons, we assume that
the corona also has non thermal electrons with a PL energy
distribution. The PL distribution may be generated during
reconnection events, which may also set the temperature of
the thermal component. The energy distribution of the PL
and thermal populations are
npl(γ)dγ = Cγγ
−δdγ
nth(γ)dγ =
Nγ2β
ΘK2(Θ)
e−
γ
Θ ,
(14)
where Cγ is a normalization constant, δ is the power index
of the PL distribution (typically δ = 2 or 3, see section
5.4), and Θ is the normalized temperature Θ ≡ kT
mc2
, and
K2 is the modified Bessel function of the second kind. The
expression for nth(γ) is the Maxwell - Juttner distribution,
which is the relativistic form of Maxwell Boltzmann.
c© 2015 RAS, MNRAS 000, 1–??
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The energy density of the two populations is assumed
to be in equipartition, i.e.
γmax∫
γmin
Cγ(γ − 1)mc2γ−δdγ = 3
2
NkT , (15)
which is used to derive the value of Cγ .
The electron temperature in the corona is gener-
ally assumed to be T = 5 × 109K, at all radii. This
temperature is naturally expected for a two temperature
corona (Di Matteo et al. 1997), for a corona heated by mag-
netic reconnection (Di Matteo, 1998), and also for a pair
plasma corona (Svensson 1984; Lightman & Zdziarski 1987;
Haardt & Maraschi 1991, 1993). In addition, recent NuS-
TAR hard X-ray spectroscopy of AGN (Fabian et al. 2015)
indeed provide direct evidence for a corona with kT ∼
0.1mec
2, i.e. T ∼ 5 × 109K. However, we also explore be-
low the effect of using a lower T .
We assume that the local value of the magnetic field
within the corona is in equipartition with the thermal elec-
trons, i.e.
B2(R)
8π
=
3
2
N(R)kT . (16)
In the numerical calculations we also explore deviations
from equipartition, in addition to exploring the effects of
different values for N0, q, δ, and R0.
2.2.2 Spherical Configuration
For this configuration, we assume a spherical symmetry
around the BH. The corona extends for a range of radii
R0 < R < Rout. The temperature is fixed at T = 5× 109K,
and N is given by eq.13. The synchrotron emission of both
thermal and PL distributions are calculated as described in
section 3.
3 THE NUMERICAL SOLUTION SCHEME
For the thermally distributed electrons, nth(γ)dγ is set up
using eq.14 for 1.01 < γ < 10, using 180 bins uniformly
spaced logarithmically. For the PL electrons, npl(γ)dγ is de-
rived for 1.1 < γ < 3000 with 300 bins uniformly spaced log-
arithmically. The upper value of γ is selected to ensure that
the peak emission of individual electrons, ν = 4.1γ2B MHz
(RL04, eq.6.17c there), extends to ν > 100 GHz for the val-
ues of B used here. The pitch angle θp is spanned linearly
in 14 bins between 0 and π.
The number of electrons per unit pitch angle per unit
energy are
nth(γ, θp)dγdθp = nth(γ)dγ sin θpdθp/2 , (17)
and
npl(γ, θp)dγdθp = npl(γ)dγ sin θpdθp/2 . (18)
3.1 The emission and absorption coefficients
The analytical expression for the spectrum emitted by
a single electron (eq.4) includes a delta function. We
use the following approximation for the delta function
(Mahadevan et. al 1996)
δ[sω0 − ω(1− β|| cosα)] = f(χ)
ωB(1− β|| cosα) , (19)
where ωB is the Larmour frequency (eq.1), and f(χ) is
f(χ) =
15
16∆χ
[1− ( 2
∆χ2
)(χ−χs)2+( 1
∆χ4
)(χ−χs)4, ] (20)
where χ and χs are
χ = ω
ωB
χs =
ωs
ωB
.
(21)
For the harmonic line width we use ∆χ = 0.05χs
(Mahadevan et. al 1996). Combining eq.19 and eq.4 we get
the emission per single electron
psingle(γ, ω, θp) =
∞∑
s
e2ω2[β2⊥J
′2
s (ξ) + (
cosα−β||
sinα
)2J2s (ξ)]
2πcωB(1− β|| cosα)
× f( ω
ωB
). (22)
In order to calculate the emission coefficient per frequency,
we need to numerically integrate over the relevant electron
energy distribution, pitch angle, and observer angle α (eq.6).
The absorption coefficient is calculated using eq.9.
Figure 1 compares the numerical solutions for the emis-
sion and absorption coefficients described above, with the
analytical expression given by RL04 (eq.6.36 there) for the
PL energy distribution. The analytical and the numerical
solutions fit well for ν > 109 GHz, the region where the
emission and absorption are produced by γ ≫ 1 electrons,
where the analytical approximation is valid. The numeri-
cal solution deviates from the analytic one at low ν since
the analytic calculation applies only at γ >> 1. We verified
the validity of our calculation for the thermal distribution
by comparing our results with the results of Wardzinski &
Zdziarski (2000, figure 5 there), which our results overlap.
3.2 The integrated Radio emission from a disc
corona
Given the emission and absorption coefficients presented
above, we now calculate the total emission of the disc corona.
Figure 2 presents the geometry assumed in order to inte-
grate the emission along various lines of sight. We start
with a ray emitted at a given angle θe and azimuth an-
gle φa, from a given position on the upper surface of the
disc corona. The contribution to the intensity is integrated
along the ray inside the corona until it reaches the face of
the underlying optically thick accretion disc, or the side-
walls of the coronal disc (see Fig.2). The integration stops
inwards of the innermost part of the disc, R < R0, which
represents light trapping by the BH. The path of the ray
is divided into segments, where every segment is a track of
the ray inside a specific coronal ring. We use eq.10 to cal-
culate the change in intensity following the passage of each
segment. The radii of the coronal rings are logarithmically
distributed between R0 and Rout, according to the values
presented in section 2.2. In case of emission from PL elec-
trons, the corona is divided into 25 rings, where the outer-
most rings is at Rout = 3 × 105RS. For thermal electrons,
c© 2015 RAS, MNRAS 000, 1–??
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Figure 1. A comparison between numerical and analytical results
for the emission and absorption coefficients for PL electrons. The
model assumes B which is in equipartition with a thermal com-
ponent, where N = 109 cm−3 and T = 109 K (eq.16), and a PL
electron distribution with δ = 2, which is also in equipartition
(eq.15). The numerical results overlap well the analytic results
(RL04) at ν > 109 GHz, the region dominated by the emission of
γ ≫ 1 electrons, where the analytic approximation applies.
the corona is extended up to Rout = 5× 104RS, and divided
into 40 rings.
The intensity of a specific ray then is multiplied by a
geometrical factor of cos θe that stands for the inclination of
the emitting area element. The next step is to integrate the
emission from a given ring. This integration is equivalent to
a sum of all rays emitted azimuthally from the same point
of ”coronal face”, i.e. an integral over the azimuthal angle
φa ∈ [0, 2π].
Fi(ν) =
2π∑
φa=0
Iray(ν) cos(θe)∆φa, (23)
where Fi(ν) is the flux emitted at a given angle of inclination,
from a ring designated by i, and Iray is the intensity of a
specific ray emitted from the corona, calculated according
to eq.10.
We multiply the flux by R∆R, to get the ring emission
(the factor of 2π is included above in the integration over
φ). We then integrate on radii R0 < R < Rout to obtain the
total luminosity of the disc.
Lν = 4π
Rout∑
Ri=R0
RFi(ν)∆Ri, (24)
where Lν is the total radio luminosity of the disc corona at
inclination angle of θe, and the factor of 4π is used to calcu-
late the inferred isotropic emission even in a non-isotropic
case.
3.3 The integrated Radio emission from a
spherical corona
Figure 3 presents the geometry assumed in the spherical
case. The corona is divided into spherical concentric shells,
each with a uniform B and N , while the value of T is the
same at all shells. The intensity from a given unit area on
Accretion Disc
Decreasing Density
Decreasing Density
Corona
A
B
4 3 2 1
C
Figure 2. An illustration of the geometry used for the disc
corona. The corona is divided into rings, and three rays (A, B
and C), are emitted from the surface to the same direction (and
thus seen by the same observer). Ray A is emitted from the first
ring, and traced back to its origin at the inner wall of the corona.
Ray B originates and is emitted from ring 1. Ray C starts in the
third ring, and emitted from the second.
1 2 3 4
A
B
Decreasing Density
Figure 3. An illustration of the geometry used for the spheri-
cal corona, which is divided into spherical shells. Two rays are
drawn, all of them are emitted towards the same observer. Ray
B originates on the innermost shell, as the radiation path cannot
pass the BH.
the face of the outer shell, is calculated by shooting rays
back in all directions. Given the azimuthal symmetry of the
radiation transfer, we need to sample only θe ∈ [0, π/2]. Each
ray is linearly traced within the corona, and its intensity
is calculated according to eq.10 for all segments along its
path, as is done for the case of disc corona. Knowing the
intensity per frequency for each ray, we multiply the result
by a Jacobian factor of sin θe cos θe and by a factor of 2π for
integration on azimuthal direction. All the rays are summed,
and their intensities are numerically integrated on angles to
obtain the flux.
Fν =
π/2∑
θe=0
2πIray(ν) cos(θe) sin θe∆θe (25)
The derived flux per unit frequency is then multiplied by a
factor of 4πR2out to obtain the luminosity.
Lν = 4πR
2
outFν (26)
A major difference between the disc and the sphere is
that in the disc case we see directly the emitting surface
area at each ring, so the integrated emission is to a good
approximation just a simple superposition of the emission
of the individual rings. In contrast to the spherical case, the
c© 2015 RAS, MNRAS 000, 1–??
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radiation passes from the emission radius to the emitting
surface. So, we see down to the effective photosphere, i.e
the radius where the optical depth reaches unity, at a given
frequency. As a result, the contribution to the emission at
a given ν comes from a larger range in R in the disc case,
compared to the sphere case (see section 5.1).
4 AN APPROXIMATE ANALYTICAL
SOLUTION FOR THE RADIO SPECTRAL
SLOPE
The spectral slope, η ≡ d logLν/d log ν, of synchrotron
emission from a uniform source of PL electrons, is η =
−(δ − 1)/2 for optically thin emission, and η = 2.5 for op-
tically thick emission. For thermal electrons η = 2 in the
optically thick Rayleigh-Jeans regime, with a sharp expo-
nential drop when the emission becomes optically thin. Be-
low we derive approximate analytical solutions for η for a
non uniform synchrotron source, following either the disc
or the spherical distribution, and for either thermal or PL
energy distributions. The derived expressions can be used
to link the observed η and the structural parameters of the
corona.
The overall spectrum of a stratified corona is a super-
position of the spectra of all the rings or shells within the
corona. Each ring or shell emits synchrotron radiation with
a characteristic spectrum which rises with ν in the opti-
cally thick part and drops in the optically thin part. The
peak occurs at νpeak(R) which corresponds to the optically
thick to thin transition. The transition occurs when the opti-
cally thick emission curve (blackbody emission in the ther-
mal electrons case), intersects the optically thin emission
curve, as derived for the local conditions at a given R. Be-
low we derive a general expression for νpeak as a function
of the properties of the emitting region, for thermal and PL
electrons. We then use it to derive νpeak(R) for the specific
corona models we use.
To estimate η, we assume the emission at a given ν is
dominated by the emission from the ring/shell where ν =
νpeak. The implied η is then derived by taking the ratio of the
relative increase in Lνpeak (R), the integrated emission from
Rmin to R, to the ratio of the relative increases in νpeak,
by the emission from a given ring/shell of a width ∆R at a
distance R, i.e.
η =
∆ log(Lν)
∆ log(ν)
=
dlog
(
Lνpeak (R)
)
dR
∆R
dlog(νpeak(R))
dR
∆R
(27)
Below, we derive analytic expressions for νpeak(R) and
Lνpeak (R) for the PL and thermal electron distributions for
the disc and the sphere configurations, and substitute them
into the expression above to derive an analytic expression
for η.
4.1 Analytic derivation of νpeak for a slab of PL
electrons
In this section we assume a slab of thickness H , which con-
sists of PL electrons with an energy density set by equipar-
tition with thermal electrons E = 3
2
NkT . The absorption
coefficients is (RL04)
αν =
√
3q3
8πm
(
3q
2πm3c5
)δ/2
CE (B sin θp)
δ
2
+1 Γ
(
3δ + 2
12
)
× Γ
(
3δ + 22
12
)
ν−(
δ+4
2 ) (28)
The equipartition magnetic field B, and the particle normal-
ization CE, are
B =
√
12πNkT
CE =
3NkT
2
∫Emax
Emin
E1−δdE
≡ 3NkT
2K
,
(29)
where K is the integral in the denominator.
The turnover (peak) frequency satisfies
ανpeakH = τ ≃ 1 , (30)
which gives
νpeak =

16πmK
(
3q
2πm3c5
)−δ/2 (√
12πk sin θp
)− δ
2
−1
3
√
3q3kΓ
(
3δ+2
12
)
Γ
(
3δ+22
12
)


− 2
δ+4
T
δ+6
2(δ+4)N
δ+6
2(δ+4)H
2
δ+4 = (31)
= AT
δ+6
2(δ+4)N
δ+6
2(δ+4)H
2
δ+4 ,
where A is a constant at a given θp.
For PL electrons with δ = 2 we get
νpeak ≈ 1.78× 10−5T 2/3N2/3H1/3 Hz (32)
It is interesting to compare the above expression to an
analogous result presented by Gudel (2002, eq. 22 there), for
stellar radio emission
νpeak−Gudel =
[
1011.77+3.44δ (δ − 1)2 n2H2Bδ+2
] 1
δ+4
Hz,
(33)
where n is the number density of the PL electrons (gen-
erally n ≪ N). Using the above expression, and applying
equipartition of the thermal electrons, PL electrons, and the
magnetic field, we obtain
νpeak−Gudel ∝ N
δ+6
2(δ+4) T
δ+6
2(δ+4)H
2
δ+4 . (34)
For δ = 2, and applying equipartition, one obtains
νpeak−Gudel ≈ 7× 10−6T 2/3N2/3H1/3Hz, (35)
i.e. the same functional dependence derived above. The coef-
ficient in Gudel is a factor of 2.5 too small, which may reflect
the accuracy of the approximate analytic derivations.
4.2 Analytic derivation of νpeak for a slab of
thermal electrons
There is no simple analytic expression for the synchrotron
absorption coefficient αν for electrons with a thermal energy
distribution. Instead, we use the numerical results to obtain
a fitting function for νpeak as a function of T , N and H . The
derived fitting function is
νpeak = 3.74 × 10−9T 1.42N0.55H0.09 Hz (36)
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for T = 108 − 1010K, N = 108 − 1010 cm−3, and H =
1014 − 1015 cm.
Gudel (2002) derives a similar expression
νpeak−Gudel = 1.3
(
NH
B
)0.1
T 0.7B (37)
which gives for an equipartition B
νpeak−Gudel = 4.8× 10−7T 1.15N0.55H0.1 (38)
Note the difference between the power indices of T in eq.36
(1.42) and eq.38 (1.15). The calculation in Gudel (2002) is
performed only for relatively low harmonic numbers: 10 <
s < 100, which are relevant for the stellar corona, where
T < 108K. Imposing the same limitations on the harmonic
numbers in our simulation, we derive νpeak ∝ T 1.1, in rea-
sonable agreement with the power of 1.15 in Gudel (2002).
This difference stresses the need to retain high harmonic
numbers in the calculations for mildly relativistic thermal
electrons.
Additional comparison was performed with the results
of an analogous calculation of the peak frequency per-
formed by Wardzinski & Zdziarski (2000, eq.18 there). Ap-
plying equipartition to their expression gives νpeak ∼ 5.2×
10−8T 1.45N0.5H0.05. The small deviation in the power in-
dices from our expression (eq.36) reflects the uncertainty in
the fits to the numerical results. The difference between the
coefficients is ”compensated” by the small difference in the
powers of T , leading to similar values of νpeak at the relevant
range of temperatures.
4.3 The spectral slope for emission from a disc
Below we calculate η for synchrotron emission from a disc
for both thermal and PL electrons. For the sake of simplicity
we assume a constant H , and for T and N we assume
T (R) = T0
(
R
R0
)−p
,
N (R) = N0
(
R
R0
)−q
.
(39)
4.3.1 Thermal Electrons
Substituting the above N(R), T (R), and a constant H , into
eq.36 gives
νpeak(R) ∝ R−1.42p−0.55q . (40)
The spectrum of a ring of thermally distributed electrons is
that of Rayleigh-Jeans emission, i.e. rises as ν2 in the opti-
cally thick range, and is exponentially falling in the optically
thin range. The specific luminosity Lν at frequency ν is
Lνpeak (R) =
∫ R
Rmin
πBνpeak(r)2πrdr (41)
where Bνpeak (r) is the value of the blackbody emission at
radius r, and at a frequency νpeak(R). We integrate only on
rings inner to R, because they are optically thick at a fre-
quency of νpeak(R) and their contribution is not negligible.
The outer rings, at r > R, are optically thin at νpeak(R), and
their contribution is very small due to the fast exponential
drop of the optically thin thermal synchrotron spectrum.
Since hν(∼ 10−3eV) ≪ kT (∼ 100keV), the Rayleigh-Jeans
approximation applies,
Bνpeak (r) =
2ν2peak(R)kT (r)
c2
. (42)
Substituting eqs. 39, 40 and 42 into eq.41, and setting
R0/R≪ 1, we obtain
Lνpeak (R) ∝ R2−3.84p−1.1q . (43)
Substituting eq.43 and eq.40 into eq.27, gives
ηdisc−thermal =
2− 3.84p − 1.1q
−1.42p − 0.55q . (44)
4.3.2 PL electrons
As in the thermal case, for PL electrons we substitute eq.39
into eq.31, and get
νpeak(R) ∝ R−
δ+6
2(δ+4)
p− δ+6
2(δ+4)
q
. (45)
The luminosity is
Lνpeak (R) = 2π
∫ R
R0
Pνpeak (r)
4πανpeak(r)
2πrdr , (46)
where the factor of π outside of the integral converts the
source function to flux, and the factor of 2 accounts for the
two faces of the disc. This expression holds in areas where
the corona is optically thick, which holds at r < R for ν =
νpeak(R).
According to RL04, Pνpeak is given by
Pνpeak =
√
3q3CγB sin θp
mc2 (δ + 1)
Γ
(
δ
4
+
19
12
)
Γ
(
δ
4
− 1
12
)
×
(
2πmcνpeak
3qB sin θp
)− δ−1
2
. (47)
Applying equipartition (eq.16) and the expression for Cγ
(eq.15) gives
Pνpeak (r) ∝ n
5
4
+ δ
4 T
5
4
+ δ
4 ν
− δ−1
2
peak (R) , (48)
Applying the radial dependence (eq.39) gives
Pνpeak (r) ∝ r−(
5
4
+ δ
4 )p−(
5
4
+ δ
4 )qν
− δ−1
2
peak (R). (49)
The absorption coefficient (eq.28), with equipartition
(eq.16), gives
ανpeak ∝ n
δ
4
+ 3
2 T
δ
4
+ 3
2 ν
− δ+4
2
peak (R). (50)
Applying the radial dependence (eq.39) gives
ανpeak ∝ r−(
δ
4
+ 3
2 )p−(
δ
4
+ 3
2 )qν
− δ+4
2
peak (R). (51)
The luminosity density is then (eq.46)
Lνpeak (R) = ν
5/2
peak(R)
∫ R
R0
r−(
5
4
+ δ
4 )p−(
5
4
+ δ
4 )q
r−(
δ
4
+ 3
2 )p−(
δ
4
+ 3
2 )q
rdr
= ν
5/2
peak(R)
∫ R
R0
r
p
4
+ q
4
+1dr , (52)
which gives
Lνpeak (R) ∝ ν5/2peak(R)R−
p
4
− q
4
+2 . (53)
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for R≫ R0.
Applying the expression for νpeak(R) (eq.45) gives
Lνpeak (R) ∝
(
R
− δ+6
2(δ+4)
p− δ+6
2(δ+4)
q
)5/2
R
p
4
+ q
4
+2 =
= R
−
5(δ+6)
4(δ+4)
p+ p
4
−
5(δ+6)
4(δ+4)
q+ q
4
+2
, (54)
or
Lνpeak (R) ∝ R−
17
12
(p+q)+2, (55)
for the δ = 2 case. The derived spectral slope (eq.27) is
ηdisc−pl =
17(p+ q)− 24
8(p+ q)
, (56)
while for the δ = 3 case we get
ηdisc−pl−δ−3 =
19(q + p)− 28
9(q + p)
. (57)
Note that the above analytic estimate for η for PL elec-
trons is valid only at η > − δ−1
2
, since this estimate ignores
the contribution of the optically thin region, which sets this
lower limit on η.
4.4 The spectral slope for emission from a sphere
The emission from a sphere is qualitatively different from
disc emission. In the case of a disc, the emission can be
considered as a superposition of rings, each one is directly
observed. The emission from a sphere can be considered as
a superposition of spherical shells, but the emission of each
shell propagates through all outer shells, and we effectively
see only the emission from a volume set by the surface and
the τ ≈ 1 radius, deeper shells do not contribute. The thick-
ness of each shell is set by the scale length of B(R), i.e.
(Gudel 2002)
H (R) =
B (R)
|∇B (R)|
√
kT
mc2
. (58)
Using the equipartition for B(R), N(R) and T (R) (eqs.
15,16), gives B ∝ R− p+q2 and ∇B ∝ R− p+q2 −1, which gives
H(R) ∝ R1− p2 , (59)
which we use below to estimate the spectral slope.
4.4.1 Thermal electrons
Applying the expression for νpeak(N,T,H) (eq.36) for the
sphere yields
νpeak(R) ∝ R0.09−1.465p−0.55q . (60)
To derive Lν we assume the emission originates only from
the shell at R, which produces a peak at ν, which gives
Lνpeak (R) = 4πR
2πBν , (61)
where Bν is the Planck function of a shell R. Thus
Lνpeak (R) ≈
8π2hν2peak (R) kT (R)
c2
R2 ∝ R2.18−3.93p−1.1q ,
(62)
which gives
ηsphere−thermal =
2.18− 3.93p − 1.1q
0.09 − 1.465p − 0.55q (63)
4.4.2 PL electrons
In this case we apply (eq.31) for νpeak, which gives using
eq.39 and eq.59
νpeak(R) ∝ R−
4−pδ−qδ−8p−6q
2(δ+4) . (64)
The luminosity is given by
Lνpeak (R) =
Pνpeak (R)
ανpeak(R)
πR2dR ,
where Pνpeak is the emission coefficient (eq.49) and ανpeak is
the absorption coefficient (eq.51), which yields
Lνpeak (R) ∝ R
−2pδ−2qδ−18p−13q+26+4δ
2(δ+4) . (65)
The implied slope for δ = 2 is
ηsphere−pl =
22p+ 17q − 34
10p+ 8q − 4 . (66)
As noted above, the expressions for ηsphere−thermal and
ηsphere−pl are valid only for slopes above the optically thin
range, i.e. for η > −(δ − 1)/2.
5 RESULTS
Below we present the results of the numerical calculations
of the radio emission. The calculations are for the disc and
spherical geometries, and for thermal and PL electrons. In
all cases we assume an isothermal corona, and a decreasing
N(R), i.e. p = 0, and q > 1 (eq.39). The value of B(R)
is derived from the assumption of equipartition with the
thermal electrons (eq.16). The PL electrons are also assumed
to be in equipartition with the thermal electrons (eq.15).
The innermost radius of the corona is assumed to be the
last stable orbit for a central BH of a mass of 108M⊙ (eqs.11,
12), unless noted otherwise. The outermost radius is taken
to be 5× 104RS for the thermal distribution, and 3× 105RS
for the PL electrons, which ensures the spectral break due to
transition to optically thick emission occurs at ν < 1 GHz
(see below). As noted above, the coronal thickness in the
disc configuration is assumed to be constant at H = 10RS.
We concentrate below on models which yield a flat spec-
tral slope, as this is the unique signature of a compact emis-
sion source, such as a disc corona. As shown below, for some
parameters the optically thin emission from the outer parts
of the corona, can dominate the emission from the inner
parts. In such a case, the overall spectrum is just that of
an optically thin source, which is derived also in other more
extended emission models.
5.1 The radial dependence of the emission
Figures 4 and 5 present typical spectra of thermal and PL
distributed electrons within a disc or spherical corona. The
values of the density distribution q parameters were selected
to produce a flat spectrum (Lν ∝ ν0) in the intermediate
frequency range (1-100 GHz), before reaching the steeply
falling optically thin limit at higher frequencies, and the
steeply rising optically thick emission at lower frequencies.
The figures also present the contributions to the total emis-
sion of different rings or spherical shells.
The emission of thermal electrons from a given ring or
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Figure 4. The spectrum of PL electrons (δ = 2 ) from a corona in a disc (upper panel) or a sphere (lower panel). The disc is observed
at an inclination angle of cos θe = 0.5. The solid line in each panel represents the overall emission, and the dashed lines the contributions
of different rings or shells. The corona is isothermal with T = 109K. The coronal density drops as a PL with q = 1.4 for a disc, and q = 2
for a sphere, selected to produce a flat continuum, and N0 = 109 cm−3 to set the luminosity scale (see section 5). The emission below
1 GHz originates mostly at R > 3 × 104RS, i.e. R > 10
18 cm for MBH = 10
8M⊙ used here. At 100 GHz (3 mm) the emission comes
mostly from R ∼ 100RS. The emission at ν > 10
12 Hz in RQ AGN is heavily dominated by cold dust emission, but may be measured
with VLBI which detects only high Tb sources.
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Figure 5. The synchrotron emission of the thermal electrons at T = 5 × 109K, for the same configurations as in Fig.4. The coronal
density drops with q = 1.82 for a disc, and q = 1.98 for a sphere, with N0 = 109 cm−3 (see section 5 for further details). Although the
thermal electrons are in equipartition with the PL electrons, their synchrotron luminosity is significantly smaller than that produced
by the PL electrons. Note also the narrow range of frequencies of the emission from a given ring or shell, in contrast with the broad
distribution of the PL electrons emission. The wiggles appearing in the spectrum are a numerical artefact caused by the finite resolution
of the radial integration.
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shell (Fig.5), covers a smaller range of frequencies, compared
to the emission of the PL electrons (Fig.4). Both electron
distributions produce similar spectral slopes in the locally
optically thick emission at ν < 100MHz (2 for thermal, 2.5
for PL in a disc), but in the locally optically thin part the
thermal emission shows a sharp exponential drop, while the
PL show only the gradual optically thin falloff with a slope
of −1/2. The sharp cutoff of the optically thin thermal syn-
chrotron results from the exponential drop in the electron
energy (eq.14), together with the exponential drop in the
emission of a single electron (eq.6.34b in RL04).
The slope of the locally optically thick emission in the
spherical configuration is steeper than in the disc configu-
ration, as the emission is absorbed by the outer shells. In
contrast with the disc case, where the emission from each
ring is directly observed.
5.2 The inclination dependence of the emission
Figure 6 presents the observed disc emission for PL and
thermal electrons as a function of cos θe, where θe the disc
inclination angle. The spectrum can be roughly divided into
three regimes, with different inclination dependence. At low
enough frequencies, the whole disc is optically thick, and the
luminosity scales as cos θe. At high enough frequencies the
whole disc is optically thin, the emission becomes isotropic,
and the spectra from all inclinations overlap.
At intermediate frequencies, the inner part of the disc is
optically thick and an outer part of it is optically thin. The
transition radius decreases with increasing frequency, until
the whole disc emission becomes optically thin. As a result,
at intermediate frequencies we get an intermediate inclina-
tion dependence. In the thermal case, the exponential drop
in the locally optically thin emission, leads to a negligible
contribution from the optically thin isotropically emitting
part of the disc. As a result, the optically thick inclination
dependence remains cos θe to almost the highest frequencies.
A peculiar behavior occurs for the thermal case at
ν > 1011Hz at high inclination (lower panel of Fig.6), where
the luminosity at cos θe = 0.1 becomes comparable, and even
exceeds the emission at cos θe = 0.9 (for ν ≈ 5 × 1011Hz).
This results from the adopted geometry, as the highest fre-
quency thermal emission comes mostly from the innermost
ring, where the height H = 10RS becomes larger than the
radius. Most of the emitting area is now in the walls, and
the emission becomes stronger at high inclinations, where
the projected area of the walls becomes largest. Thermal
synchrotron emission therefore provides a sensitive measure
of the projected surface area of the region where the ob-
served frequency is produced.
5.3 The dependence of the emission on the
coronal properties
Figure 7 presents the emission of PL electrons from a disc
(left panels) or a sphere (right panels). In all cases we as-
sume a PL index δ = 2, and corona with T = 109K with
a constant thickness, which extends from Rin = 3RS to
Rmax = 3 × 105RS for MBH = 108M⊙ (which corresponds
to RS = 3× 1013 cm). The upper panels present the depen-
dence of the spectrum on the coronal thermal energy density
NkT , where we assume an equipartition with the PL elec-
trons energy density, and the magnetic energy density. As
NkT increases, i.e. the normalization of N increases, the
luminosity increases, as does the transition frequency from
optically thick emission (the 2.5 slope) to a flat continuum.
Note also that the disc luminosity is larger than the sphere
luminosity by about an order of magnitude. This results
from the steeper q = 2 required in the spherical case, com-
pared to q = 1.3 in the disc case, to derive the same flat
continuum slope, using the same N0 in both geometries.
The second row of panels presents the dependence on q
(eq.13). The values of q, noted near each curve, were selected
to produce spectral slopes of −0.5,−0.18 and 0.45 for a disc,
and −0.5, 0 and 0.45 for a sphere, based on the analytical
expressions given in eq.56 and eq.66. The slopes derived from
the numerical solutions are −0.42,−0.11, 0.41 for the disc,
and −0.3, 0.01, 0.45 for the sphere, which implies that the
analytic estimate is typically accurate to better than 0.1.
The overall trend is that a larger q yields a flatter slope,
as expected as a larger drop in the density yields a larger
drop in the synchrotron emission with radius. Since the outer
radius contributes at lower frequencies, a higher q implies the
inner region dominates, leading to a flatter spectral slope.
If q is low enough (0.9 for a disc, 1.7 for a sphere),
the emission from the outer disc becomes dominant enough,
that the optically thin tail it produces at higher frequencies
dominates the emission from the inner disc. The observed
emission is effectively all produced by emission from a single
uniform emitter at the outer disc, rather than by a superpo-
sition of emitters at all radii. The spectrum is then a steeply
rising optically thick spectrum at low enough frequencies,
has a peak where the outer disc becomes optically thin, and
shows an optically thin tail at high frequencies, somewhat
similar to the spectra observed in GHz peaked radio loud
sources (O’Dea 1998; Sadler 2015).
The q values in the spherical case are steeper than in
the disc case, for the same spectral slope. This is expected
since the change of the synchrotron emissivity with radius
depends on the change in the column density with radius.
In the disc case q also provides the radial dependence of the
column density, while in the sphere case the column density
scales as q + 1.
The flat spectrum in the spherical geometry case im-
plies q = 2 for both PL and thermal electrons. This im-
plies that the gas thermal energy density 3NkT is a fixed
fraction of the radiation energy density L/4πR2c. A bolo-
metric luminosity of L ≃ 1046 erg s−1 corresponds to Lν ≃
1030 erg s−1 Hz−1 at 10 GHz, which is produced by a corona
with NkT = 1380 erg cm−3 at R = 3RS = 9× 1013 cm for
the PL case (Fig.7 upper right panel). This implies a fixed
energy density ratio of 4× 10−4 at all radii.
The third row of panels in Fig.7 presents the effect of
deviation from equipartition, explored by varying B/Beq
from 0.1 to 100, while the PL electrons remain in equiparti-
tion with the thermal plasma energy density. As expected,
the luminosity in the intermediate range of frequencies in-
creases with B/Beq. In the optically thick range (low fre-
quencies), we get the opposite effect as the luminosity de-
creases with increasing B/Beq. That happens because the
source function, Sν =
Pν
4παν
, where Pν is the emission coef-
ficient (eq.47), and αν is the absorption coefficient (eq.28),
is ∝ B−1/2. Some of the disc models lead to spectra which
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Figure 6. The inclination dependence of coronal disc emission for thermal and PL electrons. At the low frequencies the emission is
optically thick, which produces a cos θe dependence. At high frequencies the entire disc becomes optically thin, and the emission becomes
isotropic. In the thermal case the exponential drop when the emission is optically thin leads to negligible emission, and the integrated
emission is dominated by the optically thick regions. The rise in the emission for cos θe = 0.1 with frequency for thermal electrons is a
geometry effect (see section 5)
.
are optically thick (ν2.5) at ν > 1GHz. Such optically thick
synchrotron emission is not observed in RQ AGN, even
on mas scales. (Barvainis et. al 2005; Kukula et al. 1998;
Ulvestad et. al 2005a). Thus, according to our model, the
synchrotron source needs to extend up to Rmax > 3 pc to
push the spectral turnover to lower frequencies. In contrast,
most spherical corona models presented here become opti-
cally thick at frequencies well below 1 GHz for the assumed
Rmax = 3 pc.
Figure 8 explores the dependence of thermal syn-
chrotron emission emission on various model parameters,
as done in Fig.7 for the PL electrons. Here, however, we
explore the dependence on N and T separately, and not
just on NkT , as the synchrotron is produced by the ther-
mal plasma, in contrast with the PL electrons where the
thermal plasma is used only to set the equipartition energy
density of the PL electrons. The thermal plasma luminosity
is significantly weaker than the PL luminosity, for the same
parameters, as found for coronally active stars (Gudel 2002;
Massi & Chiuderi-Drago 1992). Another general difference
from the PL emission is the sharp drop at ν ∼ 1011−1013 Hz
of the thermal synchrotron, in contrast with the transition
to optically thin synchrotron with a slope of −1/2.
The upper panel in Fig.8 shows the sharp dependence of
the thermal synchrotron luminosity on T , where Lν increases
by a factor of 725 when T increases by a factor of 5 to
5 × 109 K. This is expected since νpeak ∝ T 1.42 (eq.36),
while Lν ∝ ν2peakT (eq.41), which gives Lν ∝ T 3.84. The
numerical solution presented here yields Lν ∝ T 4.09.
At low frequencies, where the emission is optically thick,
the spectrum is independent of N , q, and B/Beq, and de-
pends only on T , as expected since the emission becomes a
blackbody emission. The dependence of the emission in the
flat part of the spectrum on q, N0, and B/Beq, is similar to
the one presented by the PL electrons, as discussed above.
5.4 The dependence on the PL electrons energy
slope
The value of δ = 2, used above for the PL electron en-
ergy distribution, is motivated by the Fermi acceleration
mechanism, and is observed in various systems. Steeper
values are expected when additional electron cooling pro-
cesses are taken into account (Longair 1994). The optically
thin emission for δ = 2 is ν−
δ−1
2 . However, steeper spectra
are commonly observed in RQ AGN (Kukula et al. 1998;
Ulvestad et. al 2005a; Barvainis et. al 2005; Behar et al.
2015), which imply larger values of δ are present.
Figure 9 compares some of the earlier spectra with the
spectra derived for the δ = 3 case. As expected, the spectra
are steeper, keeping the other model parameters fixed. Al-
ternatively, higher q values are required to derive a flat spec-
tral slopes, as can also be seen from the analytical derivation
above (eq.57). A major difference is the drop in Lν by about
a factor of 100, for models with a similar spectral slope. This
results from the fact that the integrated electron energy in
the δ = 3 case is concentrated near γmin, rather than being
evenly spread between γmin and γmax per logarithmic bin in
γ, which is the case for δ = 2.
5.5 The effect of a larger Rin
The inner disc boundary assumed above is Rin = 3RS, as ex-
pected for a viscous accretion disc around a Schwarzschild
black hole. However, studies of the observed UV spectral
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Figure 7. The spectra of PL electrons in a disc (left panels) and spherical (right panels) coronae. All calculation assume T = 109K,
δ = 2, R0 = 3RS, Rmax = 3× 10
5RS, for MBH = 10
8M⊙. Each panel notes the assumed values of N0kT (in cgs at R0), q of the density
distribution, and B/Beq. In all cases, the disc luminosity is higher than the sphere luminosity, for similar parameters. The upper panels
present the dependence on the equipartition energy density, as noted by the value of N0kT . The emission remains optically thick (slope
of 2.5) to higher frequencies, with increasing N0kT , leading to higher luminosities in the flat part of the spectrum. The middle panels
present the q values required to derive slopes of about 1/2, 0, and −1/2 in the flat part of the spectrum. In all cases the q values of the
spherical case are steeper than the disc case. The lower panels present the effect of the deviations of B from equipartition. The luminosity
in the optically thick part decreases with increasing B, and rises with B in the flat slope region. Note that some of the models lead to
optically thick emission at ν > 1GHz, which is not observed.
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Figure 8. The spectra of thermal electrons confined within a disc (left panels) and spherical (right panels) coronae. The other model
parameters are the same as for the PL electrons (see caption of Fig.7 ). The upper panel show the sharp dependence of the luminosity
on T , as expected since analytic considerations give Lν ∝ T 3.84 (see text). Note the overlap of the models in all panels, at the same T ,
in the optically thick part, where the emission becomes a blackbody. Note also the sharp spectral break at high energies, when the whole
configuration becomes optically thin, in contrast with the −1/2 slope of the optically thin PL emission. The emission in the flat part of
the continuum shows similar dependence on the parameters explored, to the one shown by the PL electrons (Fig.7).
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Figure 9. A comparison of the spectra of disc coronae for electron
PL distributions with δ = 2 and δ = 3. As expected, the spectra
in the δ = 3 case are steeper. The q values required to derive
spectral slopes of approximately −1,−1/2, 0 and 1/2 are marked
near each curve. Note the factor ∼ 100 drop in the flat Lν for the
δ = 3 case, compared to the δ = 2 case (see text).
energy distribution of AGN, together with theoretical argu-
ments, suggest the thin disc solution my break at a few 10s
of RS (Laor & Davis, 2014), below which the accretion flow
may change its nature (e.g. become a low radiative efficiency
geometrically thick flow). If the corona is formed only above
the surface of a thin disc, it may not extend down to 3RS.
For the specific model parameters used here,MBH = 10
8M⊙
shining at the Eddington luminosity, we get that Rin = 17RS
from the analytic solution in Laor & Davis, (2014).
Figure 10 shows the effect of increasing Rin on the ob-
served spectrum from a disc corona of PL electrons. For the
sake of completeness, the figure also shows the effect of a
larger Rin for a spherical corona. As expected, the frequency
of the spectral break from a flat slope to an optically thin
slope, decreases with increasing Rin, from ∼ 1 THz to a few
hundred GHz, as the highest emission frequency originates
from the smallest radii (see Fig.10). One can also estimate
the change in the break frequency by applying the analytic
estimate for νpeak for the innermost disc parameters. One
can use this break frequency to deduce the properties of
the innermost corona. However, the spectral range above
∼ 300 GHz is likely dominated by the Rayleigh-Jeans tail
of the coldest dust emission (Hughes et al. 1993; Haas et al.
2000, 2003), which rises extremely steeply and heavily domi-
nates the emission above∼ 300 GHz. The dust emission may
be overcome by VLBI observations, which exclude sources
with Tb < 10
8 K, and may be able to overcome the strong
background dust emission, and detect the expected syn-
chrotron turnover in the emission of a compact mas size
source at the centre.
6 DISCUSSION
The PL X-ray emission in AGN indicates the presence of
coronal gas close to the centre. Since coronal emission in
stars is associated with synchrotron radio emission, this
raises the possibility that the radio emission in RQ AGN
is also of coronal origin, in particular since RQ AGN fol-
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Figure 10. The effect of increased Rin on the observed spectral
shape from a PL electron distribution. The values of Rin are noted
near each curve for the disc and sphere geometries. As expected,
the break frequency from a flat PL emission, to the steeper op-
tically thin emission, decreases with increasing Rin. The spectral
range at ν > 3× 1011 Hz is heavily dominated by dust emission,
but it should be excluded by VLBI observations, which measure
only the Tb > 10
8 K component. This spectral turnover can be
used to probe the coronal Rin.
low the radio versus X-ray luminosity relation displayed by
stellar coronal emission (Gudel & Benz 1993; LB08). The
synchrotron emission can be produced by the coronal hot
thermal electrons, which also produce the X-ray emission.
Or, it may be produced by PL electrons within the coronal
gas. These PL electrons may be produced by magnetic activ-
ity in the corona, specifically magnetic reconnection events,
as seen in stellar coronae. The radio synchrotron emission
then serves as an indicator for the coronal heating, while
the X-rays give the total coronal cooling (free-free in stel-
lar coronae, and Comptonization in AGN coronae), leading
to the observed relation between the two. The PL electrons
can also be produced by shock acceleration, rather than re-
connection, and may still serve as an indicator for the coro-
nal heating, if it is due to shocks. Alternatively, the radio
and X-ray relation may result from the fact that both are
produced by the same thermal electrons, which reside in a
medium with a given ratio of magnetic to radiation energy
density.
Here we provide analytic estimates for the spectral slope
and luminosity produced by thermal and PL electrons, em-
bedded in a magnetic field in either a disc or a spherical
configuration. We present numerical solutions, and explore
the solution parameter space, which can produce the ob-
served Lν ∼ 1028 − 1030erg s−1 Hz−1 at ν ∼ 1 − 100 GHz,
which characterizes RQ AGN at a bolometric luminosity
of 1044 − 1046erg s−1 (e.g. LB08). We concentrate here on
models which yield flat spectra, as this is the signatures of
compact radio sources, such as AGN coronae.
Based on the typical rapid X-ray variability, the X-ray
corona must be compact. In contrast, the GHz radio corona
must be on a pc scale. The models explored here allow to
relate the GHz emission to the emission at few hundred GHz,
which is expected to originate from the X-ray corona. As
discussed in paper II, the much larger radio corona does
not produce significant X-ray emission, given the weakness
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of the disc flux on large scales, which is the source for the
Compton cooling X-ray emission of the corona.
6.1 Comparison with observations
Do the observed spectral slope in the radio indeed indicate
significant emission from a compact source? Are the spec-
tra steep, indicating an optically thin synchrotron source
with a size of a pc or larger, or are the spectra flat, indi-
cating the dominance of a compact optically thick source?
Barvainis et al. (1996) find in 39 RQ AGN that the spectral
shapes cover a wide range, with 40% of the objects show-
ing a flat or even rising spectral slopes. Similar results are
obtained in follow-up studies. Kukula et al. (1998) find that
46% (11/24) of RQ AGN have η > −0.2, and 54% η < −0.6,
at 4.8-8.4 GHz, and Barvainis et. al (2005) find 45% (5/11)
have η > 0.19 and 55% η < −0.52, also at the same fre-
quency range. Interestingly, with the small statistics avail-
able, the spectral slope distribution appears to cluster at
either steep or flat slopes, for both type 1 and type 2 AGN
(Ulvestad & Ho 2001; Lal & Ho 2010). This suggests that
the more extended optically thin source, and the compact
optically thick source do not go together, they are either
unrelated, or anti correlated.
As noted above, significant unresolved pc scale
radio emission is also derived from VLBI obser-
vations (Blundell & Beasley 1998; Caccianiga et al.
2001; Middelberg et al. 2004; Ulvestad et. al 2005a;
Ulvestad et al. 2005b; Giroletti & Panessa 2009; Doi et al.
2013; Panessa & Giroletti 2013). In the case of NGC 1068,
the pc scale emission is spatially resolved as coming
from a disc structure, but significant emission arises from
structures on larger scales (Gallimore et al. 1997, 2004).
The spectrum of the pc scale emission is generally flat,
while the extended emission is steep, which indicates the
high frequency emission is likely dominated by the compact
emission source.
As noted by Barvainis et al. (1996; 2005), a signifi-
cant fraction of the flat spectra sources show variability,
while none of the steep spectra sources varies on a timescale
of months. A result consistent with the synchrotron emis-
sion models, where the flat sources need to be compact.
The size of the 5 GHz emitting region is similar to the
size of the Broad Line Region, of 0.1L
1/2
46 pc, where L46 =
Lbol/10
46 erg s−1 (LB08, eq.22), allowing significant vari-
ability on the observed months timescale.
Observations therefore clearly indicate that the coronal
models, which predict a compact emission region, may be
valid in a significant fraction of AGN. The more extended
emission may also be powered by magnetized plasma ejected
from the central compact source, however such an extended
component is not considered here.
6.2 Comparison with earlier models
A common interpretation for the radio emission in RQ
AGN is a scaled down jet, compared to the jet in RL
AGN (Falcke et al. 1995). Apart from one possible excep-
tion (Blundell et al. 2003), VLBI monitoring of nearby RQ
AGN detect either a static or slowly moving radio sources
(Ulvestad et. al 2005a; Reynolds et al. 2009), which argues
against relativistic jets. A weak, non relativistic, small scale
jet is basically a cloud of magnetized plasma, and differs
from a corona only in terms of the geometry. Since the physi-
cal size may be pc or smaller for both coronae and weak jets,
it may remain unresolved, and therefore VLBI imaging may
not be able to differentiate the two.
Since there are no robust prediction for the physical
properties of a magnetized plasma in a weak jet, versus a
corona, one cannot currently differentiate the two models
just based on the predicted synchrotron emission.
As mentioned earlier, radio emission may also be pro-
duced by the interaction of an AGN driven wind with
the host galaxy interstellar medium. The radio emitting
shock fronts are expected to be on tens to a hundred pc
scales (Jiang et al. 2010), and possibly out to kpc scale
(Nims et. al 2015). In contrast, the spherical coronal mod-
els explored here are much more compact, and produce the
observed luminosity on a scale of a single pc. Spatially, the
wind interaction region may be resolved on VLBI mas scale
imaging, which should show emission from the shock front
surface. In contrast, a magnetized CME may produce syn-
chrotron from the whole volume. However, the later case will
be resolved only in nearby AGN (closer than 200 Mpc, for
a 1 mas resolution).
A major difference, which results from the different
physical sizes, is the spectral slope. The size in the wind
scenario suggests that the synchrotron emission will be op-
tically thick only at frequencies well below a GHz (LB08),
and will therefore be optically thin with η 6 −0.5 at 1-
100 GHz (unless the emission is highly clumped). In the
CME case, η > −0.5 is possible, where the exact value de-
pends on the radial density and temperature distributions
(see eqs.63, 66). As noted above, about half of the RQ AGN
are characterized by η > −0.3, which argues strongly against
the wind scenario in these objects.
If the wind scenarios apply, the observed radio emission
should not vary on timescales of a few years or shorter, while
the compact coronal models allow variability on timescales
of a year and faster. As noted above, the observations sug-
gest significant variability on timescales of months and below
in some of the RQ AGN, which clearly rules out the wind
scenario as the dominant mechanism in these objects.
Furthermore, if the spectral slope is flat, then the ob-
served emission is a superposition of optically thick sources
with a range of sizes, and the variability timescale is ex-
pected to decrease with increasing frequency, as possibly
observed in NGC 7469 (Baldi et al. 2015).
6.3 Thermal Synchrotron
Is the thermal synchrotron a viable solution? Here we find
that the thermal synchrotron from an isothermal corona
with T ≃ 5 × 109 K, as suggested by recent hard X-ray
observations (Fabian et al. 2015), is a factor of ∼ 104 lower
than the emission of PL electrons, for similar model parame-
ters (see Fig.8). Thermal synchrotron can reach the observed
luminosities assuming a higher temperatures. Since the ther-
mal synchrotron follows Lνpeak ∝ T 4.09 (section 5.3), a value
of T ≃ 5 × 1010 K is required for the thermal synchrotron
to reach the synchrotron emissivity. This result can be un-
derstood analytically by comparing the synchrotron source
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function Sν = 2.9 × 10−31B−1/2ν5/2 erg cm−2Hz−1Strd−1
(eq.17 in LB08 for δ = 2), to the blackbody source function
Bν = 3.1× 10−37ν2T erg cm−2Hz−1Strd−1 in the Rayleigh-
Jeans limit. This implies one needs T ∼ 106ν1/2B−1/2 K, or
T ∼ 1011 K (for ν = 1010Hz, B = 1 Gauss) for the ther-
mal synchrotron to become comparable to the synchrotron
emission. The required T can also be estimated by equating
the energy of the electrons emitting at a given frequency,
ν = 4.1γ2B MHz, to kT . Such a high value for T appears to
be excluded by X-ray observations (though these apply to
the X-ray corona, rather than the much larger radio corona
at a few GHz). Such a high temperature is not expected
from magnetic reconnection, and may also be excluded by
pair production arguments, as discussed above (section 1).
Alternatively, thermal synchrotron from a T ≃ 5×109 K
corona may still be viable, if the emitting surface is signif-
icantly larger. As noted above, current VLBI observations
lead to minimal brightness temperatures∼ 109 K, and there-
fore do not exclude such thermal synchrotron.
The signature of thermal synchrotron is an exponen-
tial cutoff in the emission above a few hundred GHz, where
the most compact emitting region becomes optically thin
(eq.36). This results from the exponential cutoff in the maxi-
mal electron energy density in the relativistic Maxwell Boltz-
mann distribution (eq.14). This is in contrast with the PL
distribution, where the a maximal γ = 3000 assumed here,
ensures the peak emission is beyond 1000 GHz (section 3).
If there is a break in the PL electron energy distribution,
it will also be associated by a corresponding spectral break
at ν = 4.1γ2B MHz (in the optically thin case). However,
the break will be to a steeper PL emission, rather than the
sharp exponential break of the thermal synchrotron.
6.4 Coronal properties
Is a thin corona at T ≃ 5 × 109K, which extends out to
say 3 × 105RS, (3 pc in our model) a viable solution? This
temperature is likely well above the escape speed from the
disc surface at such a large radius. Therefore, the corona
needs to be magnetically confined to avoid a thermal wind
with a considerable mass loss. The assumed equipartition
magnetic field strength is consistent with the value required
by the magnetic confinement assumption.
Since the system is powered by accretion, can accretion
provide enough energy to power the radio emission? The
fraction of the rest mass energy dissipated in accretion from
infinity to R is ǫ = RS/R in the Newtonian limit (and a
factor 3 larger in viscous accretion disc). At the outer radius
therefore ǫ ∼ 10−5. Since the bolometric luminosity Lbol is
likely derived from ǫ ∼ 0.1, we expect that accretion can
provide Lradio/Lbol ∼ 10−4, which is well above the observed
relation of Lradio/Lbol ∼ 10−6 (using Lradio/LX−ray ∼ 10−5,
and LX−ray/Lbol ∼ 0.1).
Clearly, the disc at such a large radius is self-gravitating
and rather cold. Whether it can indeed maintain a thin mag-
netically confined hot corona at its surface is an open ques-
tion.
Alternatively, and maybe more plausibly, the corona is
in a spherical configuration. Although the solution here is
assumed static, such a configuration is likely formed by an
outflow, i.e. a CME produced by coronal activity in the in-
ner disc. In this case there is no need to confine the coronal
gas, and its power may come from the energy embedded in
it when it is ejected. Interestingly, a flat spectral slope is ob-
tained for q = 2, as expected in a uniform velocity outflow
(the likely wind solution at large radius). The coronal energy
density required to get the observed Lν ∼ 1030 erg s−1 Hz−1
is ucorona ∼ 1400 erg cm−3 (Fig.7, upper right panel) at R0.
Since it scales at R−2, the ratio to the radiation energy den-
sity of the AGN uradiation = Lbol/4πR
2c remains constant.
For Lbol = 10
46 erg s−1, which corresponds to the above Lν
at ν ∼ 10 GHz, one gets ucorona/uradiation = 4 × 10−4. The
corona is therefore a dynamically negligible component. This
constant ratio is interesting, and may provide some hints for
the coronal heating mechanism.
7 CONCLUSIONS
We explore the possible radio emission from either a flat
or a spherical magnetized corona, powered by either PL or
thermal electrons. We concentrate on flat spectra models,
which characterize about half of RQ AGN, and is the main
signature of a compact emission region such as a corona.
Our main conclusions are as follows:
1. A flat spectral slope in the 1-1000 GHz range requires
the superposition of synchrotron emission from the inner-
most region at 3RS to 3×105RS (3×10−5 pc to 3 pc). The ra-
dio corona at 1 GHz emission comes from the largest scales,
and should be resolved in mas resolution VLBI observations
of nearby AGN (closer than ∼ 100 Mpc), The few 100 GHz
emission corona overlaps in size the X-ray corona, and its
size can only be constrained from its variability timescale.
2. The synchrotron emission at a given frequency, is
produced over a wide range of radii for PL electrons. In
contrast, the synchrotron emission of thermal electrons at a
given frequency, originates from a narrow range of radii.
3. The synchrotron emission from a disc corona of PL
electrons is nearly isotropic, as most of the emission origi-
nates from the optically thin outer regions. The emission of
thermal electrons from a disc corona shows a cos(θ) depen-
dence, as the observed emission is dominated by the outer-
most optically thick region.
4. A luminosity of Lν ∼ 1030 erg s−1 Hz−1 can be pro-
duced by PL electrons, magnetic field, and a corona, which
are all in equipartition, with an energy density which scales
roughly as R−1, and NkT ∼ 1000 erg cm−3 at 3RS. In the
spherical corona configuration, the energy density scales as
R−2. For PL electrons synchrotron, this equipartition energy
density is a constant fraction of ∼ 4 × 10−4 of the central
source radiation density.
5. Thermal synchrotron from T ≃ 5×109 K electrons, as
suggested by recent hard X-ray observations, under predicts
the radio Lν by a factor of ∼ 104. To be a valid mecha-
nism the emitting surface must be significantly larger than
assumed here, but it is not yet in contradiction with current
VLBI observations. Alternatively, one needs T ≃ 5×1010 K
to derive the observed luminosity at ν ∼ 10 GHz.
6. At ν = 300-1000 GHz the innermost corona is ex-
pected to become optically thin, and the spectrum is ex-
pected to show a spectral break. The position of this break
can be used to probe the innermost coronal size. It should
display a sharp cutoff, rather than a steeper PL, in case of
thermal synchrotron emission. Since dust heavily dominates
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this spectral range, the detection requires VLBI observa-
tions, which exclude the low Tb dust emission.
Additional constraints on the radio and X-ray coronal
properties can be derived by including the observed X-ray
emission, in particular the enigmatic Gudel-Benz relation of
LR/LX ∼ 10−5, which is explored in paper II
Clearly, further exploration of the radio emission in RQ
AGN, in particular at the mm range (Behar et al. 2015), will
allow to probe directly the distribution of relativistic elec-
trons and magnetic fields closest to the centre. The relation
of the mm emission with the X-ray emission, in particular
their variabilities (Baldi et al. 2015), can provide important
insights for the physical mechanisms which power accretion
disc coronae in RQ AGN.
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